Prolonged (8 weeks) oral administration of clofazimine results in a profound pharmacodynamic response-bioaccumulation in macrophages (including Kupffer cells) as intracellular crystal-like drug inclusions (CLDIs) with an associated increase in interleukin-1 receptor antagonist production. Notably, CLDI formation in Kupffer cells concomitantly occurs with the formation of macrophage-centric granulomas. Accordingly, we sought to understand the impact of these events on host metabolism using 1 H-nuclear magnetic resonance metabolomics. Mice received a clofazimine -or vehicle-enriched (sham) diet for at least 8 weeks. At two weeks, the antimicrobial activity of clofazimine was evident by changes in urine metabolites. From 2 to 8 weeks, there was a striking change in metabolite levels indicative of a reorientation of host energy metabolism paralleling the onset of CLDI and granuloma formation. This was evidenced by a progressive reduction in urine levels of metabolites involved in one-carbon metabolism with corresponding increases in whole blood, and changes in metabolites associated with lipid, nucleotide and amino acid metabolism, and glycolysis. Although clofazimine-fed mice ate more, they gained less weight than control mice. Together, these results indicate that macrophage sequestration of clofazimine as Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
INTRODUCTION
Drug bioaccumulation and the formation of insoluble drug complexes in humans is a pharmacological phenomenon that is traditionally perceived as an unwanted side effect and these drugs are typically excluded from the drug development pipeline. One exception to this is the red-pigmented antibiotic clofazimine (CFZ), which is included in the World Health Organization's List of Essential Medicines and has been used as part of the standard treatment of leprosy since the 1960s. 1, 2 In patients, CFZ accumulates to very high levels in tissues [3] [4] [5] [6] resulting in visible changes in the pigmentation of skin and other organs, as well as the formation of intracellular crystal-like drug inclusions (CLDIs) -a biocrystalline form of CFZ inside macrophages. 3, [7] [8] [9] [10] [11] [12] In spite of its bioaccumulation, several clinical trials have established CFZ as a potentially useful therapeutic agent for treating a variety of chronic inflammatory and infectious diseases. [13] [14] [15] [16] [17] [18] [19] [20] [21] In a similar manner, therapeutic doses of CFZ administered to mice results in red pigmentation of the skin, with the soluble form of CFZ accumulating in adipose tissue, that is evident within two weeks. 22, 23 This is followed by the appearance of red CLDIs that exclusively form in resident tissue macrophages. [23] [24] [25] The predominant site of CLDI formation is the liver where most CLDIs are sequestered in massive quantities inside macrophages (Kupffer cells) that aggregate to form granulomas. 22, 26 These CLDI-containing granulomas can modulate the immune response of mice by boosting the production of hepatic interleukin-1 receptor antagonist (IL-1RA), while suppressing inflammasome activation to provide protection from lethal injury. 22, 26 The immunomodulatory properties of CLDIs coincide with the onset of macrophage granuloma formation, and therefore, it is reasonable to expect a metabolic consequence considering the relationship between metabolism and immunomodulation. [27] [28] [29] Moreover, the identification of host metabolic changes could enhance the mechanistic understanding of the macrophage-mediated drug sequestration response. 30 To this end, the aim of the work presented here was to employ metabolomics of urine and whole blood (WB) samples and targeted assays of select analytes to better understand the metabolic consequences of CFZ bioaccumulation and macrophage-mediated drug sequestration. Quantitative proton ( 1 H)-1-dimensional (1D) nuclear magnetic resonance (NMR) metabolomics generates metabolite data which can be used to identify metabolic changes associated with phenotype. [31] [32] [33] Metabolites are the end-products of gene and protein activity and represent the organism's physiological condition. 33, 34 This principle has been illustrated by a number of pharmacometabolomics studies [34] [35] [36] [37] [38] for which metabolomics has served as a sensitive indicator of phenotype and has informed biological mechanisms. Here, we show that CFZ administration resulted in metabolic reprogramming that is linked to its pharmacodynamics and provides insight into the mechanisms involved in its sequestration by macrophages.
MATERIALS and METHODS

Animals
Male mice (4 week old, C57Bl6) were purchased from the Jackson Laboratory (Bar Harbor, ME) and acclimatized for 1 week in a specific-pathogen-free animal facility. All animal care was provided by the University of Michigan's Unit for Laboratory Animal Medicine (ULAM), and the experimental protocol was submitted to and approved by the University of Michigan's Institutional Committee on Use and Care of Animals. Clofazimine (C8895; Sigma-Aldrich, St. Louis, MO) was dissolved in sesame oil (Shirakiku, Japan) to achieve a concentration of 3 mg/ml, which was mixed with Powdered Lab Diet 5001 (PMI International, Inc., St. Louis, MO; http://www.labdiet.com/cs/groups/lolweb/@labdiet/ documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf) to produce a 0.03% drug to powdered feed mix, as previously described. 22 A corresponding amount of sesame oil was mixed with chow for sham treatment (control). Mice had access to food and water ad libitum with a 12 h artificial light and 12 h dark cycle.
Microscopy
CFZ-and sham-treated mice were euthanized by exsanguination while deeply anesthetized with an intraperitoneal injection of ketamine and xylazine (100 and 10 mg/kg, respectively), and the whole mouse was perfused blood-free by an infusion of ice-cold DPBS into the heart. For fluorescence immunohistochemistry, the liver was removed en bloc and frozen in Tissue-Plus OCT compound (Fisher HealthCare, Houston, TX). Tissue blocks were sectioned (6 μm) using a Leica 3050S cryostat, fixed in paraformaldehyde (4% for 10 min), blocked with 1% bovine serum albumin (BSA, Sigma, St. Louis, MO), 5% goat serum (Sigma), and 2.5 mM glycine (Sigma) in DPBS (Life Technologies, Carlsbad, CA) for 2 h. The samples were then incubated with anti-F4/80 antibody (1 μg/ml in 1% BSA; Cat. No. ab6640 Abcam, UK) overnight (4°C) followed by Alexa Fluor 488-conjugated secondary antibody (5 μg/ml in 1% BSA; 1h at RT; Cell Signaling Technology, Danvers, MA) and Hoechst 33342 (1 μg/ml, Life Technologies) was used for nuclear detection. Sections were mounted on glass slides with ProlongGold (Life Technologies). For hematoxylin and eosin (H&E) staining, the liver was formalin-fixed and paraffin-embedded and stained by the Pathology Core for Animal Research (PCAR) in the ULAM at the University of Michigan. Brightfield and fluorescence (DAPI and FITC) images were acquired using a Nikon Eclipse Ti (Japan) inverted microscope equipped with a Nikon Digital Sight DS-Fi2 camera (Japan) for brightfield and Photometrics Coolsnap Myo camera (Tucson, AZ) for fluorescence. absorbance was determined as (A 540 -A 750 ) and CFZ content was calculated using calibrated standards in 9 M H 2 SO 4 and the value was corrected for organ weight. 39 
Metabolic studies
For the metabolic studies, mice (4 mice/cage) were placed in a Tecniplast Metabolic Cage (TECNIPLAST S.p.A. Via I Maggio, 6 -21020 BUGUGGIATE (VA) Italy) prior to and at 2, 4 and 8 weeks after CFZ or sham treatment. These specialized cages allow for the separate collection of urine and feces. In advance of the study, the urine collection containers were coated with 10% NaN 3 to help retard bacterial growth. 40 The containers were air-dried in a biosafety cabinet before being attached to the cage. The water bottle and the food dispenser were filled and the volume and weight, respectively, were recorded before assembly to the cage. In advance of the metabolic studies, each mouse was ear tagged so that the same mice were assigned to the same metabolic cage at each time point. Metabolic studies were consistently conducted over 18 h (3:00pm to 9:00am) during which food (regular chow) and water were available ad libitum. At the conclusion of each 18 h study, the volume of water (mL) and the amount of food consumed (g) were determined ( Fig. 1 ).
Upon completion of the 8-week study, mice were anesthetized with an intraperitoneal dose of ketamine and xylazine (100 and 10 mg/kg, respectively). Blood samples were collected by cardiac puncture and immediately transferred into a microfuge tube containing sodium heparin. They were then quickly placed in an ice-water bath for no more than 10 min after which they were stored (−80°C) until the time of assay (Fig. 1) .
Urine sample processing-At the conclusion of each 18 h metabolic study, urine volume was measured and each sample was transferred to a 15 mL conical tube and centrifuged (2000 x g for 10 min at 4°C) to precipitate sediment. 40, 41 The supernatants were carefully transferred to new 15 mL conical tubes so as not to disturb the pellet. The initial pH was recorded and the volume of each urine sample was measured again. An internal standard (Chenomx IS-2; deuterated 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS-d6) and sodium azide in D2O, pH 7.0) equivalent to 10% of the sample volume was added, the sample was gently mixed by pipetting it up and down several times and then aliquots (500μL) were transferred into screw-top cryotubes. Each tube was sealed with parafilm and they were stored (−80°C) until the time of assay. At the time of assay, samples were thawed at room temperature. The pH of each sample was measured and corrected to 6.5-7.5 with the addition of NaOD or DCl, as applicable, and transferred to an NMR tube (528-PP-7, 5mm; Wilmad, Vineland, NJ, USA) for assay.
Whole blood sample processing-At the time of assay WB samples were thawed on ice and subjected to a 1:1 methanol (MeOH)/chloroform (CHCl 3 )/water extraction to remove macromolecules as previously described. 35, 42 The aqueous fractions of each sample were dried by lyophilization and resuspended in 500uL D2O with DSS-d 6 internal standard Chenomx IS-2 (Chenomx) of known concentration. As with urine samples, pH was adjusted and samples were transferred to NMR tubes for assay.
H-NMR metabolomics
The 1-dimensional (D)-1 H-NMR spectrum of each urine sample and the aqueous fraction of each WB sample was acquired at the University of Michigan's Biochemical NMR Core Laboratory on a Varian (now Agilent Inc., Santa Clara, CA, USA) 11.74 Tesla (500 MHz) NMR spectrometer with a VNMRS console operated by host software VNMRJ 4.0, and equipped with a 5mm Agilent "One-probe." NMR spectra were recorded using 32 scans of the first increment of a 1 H, 1 H-NOESY (commonly referred to as a 1D-NOESY or METNOESY) pulse sequence. 40 The NMR pulse sequence was as follows: a 1s recovery delay, a 990ms saturation pulse of 80 Hz (γB 1 ) induced field strength empirically centered on the water resonance, two calibrated 90° pulses, a mixing time (t mix ) of 100ms, a final 90° pulse, and an acquisition period of 4 seconds. Optimal excitation pulse widths were obtained by utilizing an array of pulse lengths to determine the 360° pulse null for water, and dividing by four to obtain the 90° optimum. This strategy avoids off resonance and radiation damping issues. 40 Spectra were acquired at a room temperature of 295.45 ± 0.3 K.
The resulting NMR spectra of urine and WB were analyzed using Chenomx NMR Suite 8.0 (Chenomx, Inc., Edmonton, Alberta, Canada; chenomx.com). The Processor module was used to phase shift and baseline correct each spectrum. 40, 43 Compounds were then identified and quantified in the Profiler module of the software, which accounts for the pH of the sample and the concentration of the IS and quantifies metabolite concentration relative to the IS. Metabolite identity was confirmed using the Chenomx Compound Library, which contains 312 compounds and in some cases, a 2-dimensional spectrum was acquired (see supporting information, Fig. S2A-F ). Spectral processing, compound identification and quantification of the urine and WB samples were each completed by users who were blinded to the samples' treatment allocation.
Targeted high-performance liquid chromatography (HPLC) of urine analytes
CFZ has been reported to influence antioxidant capacity 44 and the production of reactive oxygen species. 45 To assay for the concentrations of some of these redox analytes (cysteine, cystine, glutathione and glutathione disulfide), samples were derivatized with 2,3-dinitrofluorobenzene followed by HPLC analysis as previously described. 46, 47 This assay also simultaneously detects glutamate and aspartate. These metabolites are not routinely detected by our NMR assay of urine. 48 The limit of detection of the assay is 2-3μM for cystine and glutathione disulfide and 3-4μM for glutamate, aspartate, glutathione, and cysteine; the coefficient of variation of the assay is < 5%.
Data analysis
To convert the urine metabolite and analyte data from μM to μmole, concentration values were multiplied by 0.001 and the resulting value by the measured volume of each sample. The entire NMR urine metabolite data set (μmole) was auto scaled and the WB metabolite data were range scaled and log transformed to achieve a normal distribution of the data. 49 For parametric statistical analysis of the quantified data, the mean normalized value of each urine metabolite at each time point for sham and CFZ-treated mice were compared by repeated measures ANOVA followed by Sidak's multiple comparison test. 50 The mean normalized concentration of each WB metabolite of CFZ and sham-treated mice were compared by an unpaired Student's t-test with Welch's correction for different variances when applicable. Each resulting p value was corrected for false discovery by calculating a corresponding false discovery rate (FDR) using the method of Storey, et al. 51 Urine metabolites at each time point (pre-treatment, and 2, 4, and 8 weeks) and WB metabolites were ranked by ascending FDR and those with an FDR ≤ 15% were considered as potentially discriminating 52 for CFZ administration and were used in subsequent bioinformatics analysis (see below). Targeted urine analyte data were compared using a Mann-Whitney test. As an assessment of renal function, the rate of creatinine excretion was calculated by dividing the urine creatinine concentration (μmole/mL) by 18h (the length of sample collection). This and other measured parameters such as urine volume, body weight and food consumption were also compared between CFZ-and sham-treated mice at each time point by ANOVA followed by Sidak's multiple comparison test. Statistical analyses were done and associated graphs were constructed using GraphPad Prism version 6g for Mac (GraphPad software, La Jolla, CA., www.graphpad.com) and Sigmaplot version 9 (Systat Software, San Jose, CA). Figures were constructed using Adobe Illustrator or Photoshop (CS6, Adobe Systems, San Jose, CA). Data, unless otherwise stated, are presented as the median with the interquartile range (IQR).
Bioinformatics analysis
To assess the relationship between the metabolites that differentiated CFZ and sham-treated mice, the 8-week urine and WB metabolites with associated Kyoto Encyclopedia of Genes and Genomes (KEGG) ID and FDR ≤ 15% were used to generate compound networks using Metscape 53,54 a plugin for Cytoscape (http://www.cytoscape.org/). Metscape is a freely available online tool that permits metabolic network analysis and data visualization (http:// metscape.ncibi.org/). Metscape contains nearly 2,700 compounds, 870 enzymes, 1,400 genes, and 3,000 metabolic reactions as defined in the Edinburgh human metabolic network and uses the KEGG ID as the primary compound identifier.
RESULTS
Prolonged (8 week) CFZ administration results in CFZ accumulation, increased macrophage number and granuloma formation in the liver
Histological analyses of liver H&E stained sections show that after two weeks of CFZ treatment, hepatic granulomas are not evident ( Fig. 2A, H&E) , since CFZ exists in the soluble form. 26 However, between 2 and 4 weeks, CFZ crystalizes in the liver 22, 26 and by 4 weeks, small granulomas (Mean±S.D.: 6596±2609 μm 2 ) are apparent ( Fig. 2A and B) . Over the next four weeks, granuloma area increased by 3-fold (Fig. 2B) , and many are formed around the central vein ( Fig. 2A) . Nuclear counting of F4/80 and DAPI stained liver sections shows a gradual increase in F4/80 positive cells over the 8-week treatment period ( Fig. 2A  and C) . By 8 weeks, liver CFZ concentration reached its peak 22, 26 , which was accompanied by a 2.4-fold increase in total cell number (per field) (Fig. 2C) . The latter represents a dramatic increase in macrophage numbers, which are concentrated in granulomas ( Fig. 2A F4/80+nucleus and C). These changes coincided with a progressive increase in the liver CFZ concentration (Fig. 2D ) which is consistent with previous studies in mice. 22, 26 CLDI formation and macrophage-mediated sequestration of CLDIs is accompanied by a change in the urinary excretion of various key metabolites A total of 34 metabolites (including creatinine and urea) were identified and quantified in urine samples (see data file in supplemental material). There were no statistical differences in the amount of any of the detected urine metabolites between mice assigned to sham or CFZ chow at time 0. During the first 2 weeks of oral CFZ treatment, before any CLDIs are detectable and during which, in vivo, CFZ is in the soluble form, levels of metabolites that are typically associated with antibiotic mediated changes in the metabolome and/or alterations in the gut microbiome [55] [56] [57] [58] [59] [60] [61] of preclinical models increased compared to control mice. These include hippurate, dimethylamine (DMA), trimethylamine (TMA), and trimethylamine N-oxide (TMAO) (Fig. 3A-D) . However, indoxyl sulfate, which is also linked to gut microbiota disruption 62 , did not increase at 2 weeks, but rather progressively decreased at 4 and 8 weeks (Fig. 3E) . Choline, an essential nutrient that is known to be altered by antibiotic administration 58 , also increased at 2 weeks (Fig. 3F ). But after 2 weeks, concomitant with CFZ redistribution from fat to macrophages 22 , CLDI formation in macrophages and granuloma growth in the liver 22 , the urine excretion of choline progressively declined, but still maintained higher levels than control mice. Ascorbate excretion also increased at 2 weeks in CFZ-treated mice, but progressively declined afterwards such that by 8 weeks it was lower in CFZ-treated than in control mice (Fig.3G) . Carnitine (Fig. 3H) was the only urine metabolite that was decreased by CFZ treatment at 2 weeks and remained lower compared with sham treatment. Seven other urine metabolites were impacted (FDR ≤ 15%) by CFZ treatment: glycine (Fig. 3I) , N, N-dimethylglycine (DMG; Fig. 3J ), methionine (Fig. 3K) , taurine (Fig. 3L) , and the citric acid cycle intermediates, cis-aconitate (Fig. 3M ), 2-oxoglutarate (Fig. 3N) , and succinate ( Fig. 3O . Levels of these metabolites progressively declined and were significantly lower than in sham-treated mice at 8 weeks. Urine creatinine was also lower in CFZ-treated mice at 8 weeks (median+IQR: 8.2+2.0 vs. 13.3+2.2 μmole; p=0.014, FDR=5.2%) but this did not translate to a difference in the rate of creatinine excretion (see below). Representative NMR spectra of urine are shown in Fig. 4A and B ; information about metabolite identification can be found in the supporting information.
Eight weeks of CFZ treatment induced changes in whole blood energy metabolites
A total of 56 metabolites were detected in WB samples that were available from 8 week CFZ (n=6) and sham-treated mice (n=7), respectively (see data file in supplemental material). Reflecting the declining amounts of urine metabolites, most blood metabolite concentrations, including choline, taurine and glycine (Fig. 5A-C) 63 , were increased in CFZ-treated mice compared to sham-treated mice. Accompanying this change, was an increase in betaine (Fig. 5D) , a methyl donor that is produced by the oxidation of choline. 63 Overall, in WB, 20 of the 56 detected metabolites were different (FDR ≤ 15%) in CFZ-vs. sham-treated mice at 8 weeks (Fig. 5A-T) . The CFZ-induced reorientation in energy metabolism was apparent in the lactate:glucose ratio which was higher in CFZ-treated mice (median+IQR: 0.94 + 0.69 vs. 0.32 ± 0.28, p = 0.034 by Mann-Whitney test) suggestive of increased glycolytic activity. 64 However, whole blood glucose and lactate levels were not different between mice following 8-weeks of CFZ or sham treatment (see supplemental data file). The detected intermediates of amino acid metabolism such as 3-hydroxyisobutyrate (3- OHisoB) (Fig. 5E) , an intermediate in valine metabolism 65 ; 2-hydroxybutyrate (2-OHB) ( Fig. 5F ), which is derived from α-ketobutyrate produced by amino acid catabolism 66 ; and the amino acids: alanine, leucine, glutamate, aspartate, proline, and serine ( Fig. 5G-L) ; and 2-oxoisocaproate, a short-chain keto acid (Fig. 5M) were all increased by CFZ administration. In WB, sarcosine (Fig. 5N) , an intermediate in choline and glycine metabolism, was increased by CFZ treatment; as was ornithine (Fig. 5O) , a by-product of the urea cycle; 2-hydroxyisobutyrate (2-OHisoB) (Fig. 5P) , which has been reported as a metabolite of the gut microbiota 67,68 ; 3-hydroxybutyrate (3-OHB), a ketone body (Fig. 5Q) ; carnitine (Fig. 5R) , which can be synthesized from lysine and methionine and is required for the transport of long-chain fatty acids into the mitochondria; the nucleotide adenosine monophosphate (AMP) (Fig. 5S) ; and ethanol ( Fig. 5T) , which is most likely formed by intestinal bacteria. [69] [70] [71] Representative NMR spectra of WB are shown in Fig. 4C and D . Additional information about metabolite identification can be found in the supporting information and Fig. S1 and S2. There were 15 metabolites common to WB and urine samples. Of these metabolites, four were changed (FDR ≤ 15%) by CFZ treatment in both biofluids at 8 weeks ( Fig. S3A-D) ; of the remaining 11, methionine was lower in the urine of CFZ-treated mice but was unchanged in WB (Fig. S3E ). Betaine was increased by CFZ treatment in WB but was unchanged in urine (Fig. S3F) . Notably, CFZ administration did not result in a significant change in the amount of targeted analytes, including redox analytes, in the 8-week urine samples ( Fig. 6A-F) . Three of these compounds were also detected in WB and of these glutamate (Fig. 5I ) and aspartate ( Fig. 5J) were increased by CFZ treatment, but glutathione was unchanged.
CFZ treatment impacts body weight
CFZ-induced changes in the urine and WB 1 H-NMR detected metabolomes cannot be explained by variations in water intake, urine output, or renal function. The metabolic cage data show that water intake and urine output ( Fig. 7A and B) did not differ between CFZand sham-treated mice until 8-weeks at which point, sham-treated mice consumed more water which was associated with an concurrent increase in urine output. Importantly, renal function, as assessed by the calculated urine creatinine excretion, was not different between the two groups during any phase of CFZ treatment (Fig. 7C) . CFZ-treatment did not influence the amount of food consumed at each time point (Fig. 6D ) but the mean (+SD) total amount of food during the study period was slightly higher in CFZ-treated mice (2.65+0.49 g vs. 2.32+0.65 g; p=0.050 by unpaired Student's t-test). CFZ-treated mice produced more feces (by weight, 1.3+0.23 vs. 0.93+0.23 g, p<0.0001) than sham-treated mice but the consistency of feces between the two groups was not notably different. Over the course of the 8-week study, CFZ-treated mice gained less weight than sham-treated mice (Fig. 7E ).
Bioinformatics analysis of CFZ-induced changes in urine and whole blood 1 H-NMR metabolomics
Bioinformatics is an important aid in the interpretation of metabolic data. 53, 72 Pathway analysis of the 12 differentiating (FDR ≤ 15%) urine metabolites of CFZ treatment (see Fig.  3 ) using Metscape shows that 12 metabolic pathways were changed at 8 weeks (Fig. S4) . In WB, the 20 differentiating (FDR ≤ 15%) metabolites of CFZ treatment (see into 16 Metscape pathways (Fig. S5 ). There were 10 metabolic pathways that were common to both urine and blood, which include: 1) folate metabolism; 2) methionine and cysteine metabolism; 3) glycine, serine, alanine, threonine metabolism; 4) urea cycle and arginine, proline, glutamate, aspartate asparagine metabolism; 5) lysine metabolism; 6) glycerophospholipid metabolism; 7) bile acid synthesis; 8) butanoate metabolism; 9) leukotriene metabolism, and 10) porphyrin metabolism. This analysis shows that 8 weeks of CFZ administration leads to a large shift in energy metabolism that is related to the production of building blocks required for cellular biosynthetic processes by macrophages as CFZ is sequestered and bioaccumulates.
DISCUSSION
In this study, temporal changes in the amount of several urine metabolites as well as a profound shift in the concentration of a number of WB metabolites after 8 weeks of CFZ treatment in mice demonstrate a distinct metabolic change that accompanies a macrophagemediated CFZ sequestration and detoxification response. This finding is consistent with the recent recognition that metabolic reprogramming is a prerequisite for immunological responses to diverse stimuli in macrophages. 29 In our model, the signature pharmacodynamic response to CFZ administration is the formation of CLDIs in resident tissue macrophages 22, 24, 25 , which results in increased IL1RA production as we have previously reported. 26, 39 The formation of CLDIs occurs over time, such that after the first two weeks of drug administration most of the drug is present in the soluble form which circulates in the blood and is associated with adipose tissue. 22 Over the next two weeks, CFZ bioaccumulation intensifies in tissue macrophages, particularly those of the liver, during which CLDIs begin to form and granuloma formation becomes apparent. 22, 23 From 4 to 8 weeks, drug-sequestering CLDIs intensively aggregate as granulomas grow. In these distinct phases of CFZ bioaccumulation and re-distribution there is a significant shift in the 1 H-NMR-detected urine energy metabolome. These changes occurred concurrent with a modest increase in food consumption and a decrease in body weight, which suggests that prolonged (8-week) CFZ administration to mice results in a profound disruption in global energy metabolism that manifests in the urine and WB metabolomes. Specifically, we found disruptions in: 1) one carbon metabolism, as demonstrated by changes in urine levels of choline, methionine and glycine, while WB levels of the same metabolites increased along with glutamate, serine and 2-OHB; 2) amino acid metabolism, as shown by changes in levels of amino acids and amino acid intermediates such as 3-OHisoB and 2-oxoisocaproate; 3) carnitine utilization; and 4) glycolysis, as evidenced by a CFZ-induced increase in the lactate:glucose ratio in WB ( Fig. 8A and B) . Collectively, these findings indicate activation of biosynthetic pathways utilized by macrophages to form CLDI and CLDI-induced granulomas.
Increased one-carbon metabolism
Choline, along with the amino acids glycine, serine, and methionine is integral to onecarbon metabolism, which includes the folate, methionine and transsulfuration pathways, the outputs of which include nucleotides, proteins and lipids that are required for the construction of new cellular components. 63 One carbon metabolism also maintains redox homeostasis and generates substrates for methylation reactions. Specifically, our data provide evidence that both physiologic and metabolic CFZ-induced disruptions in glycerophospholipid metabolism, as determined by pathway analysis, are related to onecarbon metabolism. First, we know that multi-lamellar membranes surround CLDIs that likely form secondary to changes in cellular membrane organization, leading to increased turnover of glycerophospholipids. 24, 39 This process resembles macroautophagy, the hallmark of which is the formation of multi-lamellar vesicles. [73] [74] [75] [76] Expression of monocyte chemoattractant protein-1 (CCL2), which is abundant in macrophages and is a known mediator of autophagy also increases during CLDI formation. 22, 77 Therefore, the progressive decline in urine choline between 4 and 8 weeks and the higher WB levels of choline in CFZ-treated mice could be explained by its utilization as macrophages sequester and compartmentalize increasing amounts of CFZ into CLDIs. In parallel, urine levels of glycine and methionine progressively declined in CFZ-treated mice and at 8 weeks, WB glycine and serine were elevated, providing additional evidence of the enhanced activation of one-carbon metabolism. Notably, CFZ did not alter urine concentrations of redox analytes, which suggests that the observed activation of one-carbon metabolism was not due to a loss of redox homeostasis.
Increased amino acid metabolism
In addition to the amino acids involved in one-carbon metabolism, our data also implicate a CFZ-induced reorientation in amino acid metabolism. The WB levels of leucine, glutamate, proline, ornithine, sarcosine, aspartate and alanine were increased by CFZ treatment at 8 weeks. This suggests that the drug-sequestration response of macrophages altered host amino acid metabolism. Moreover, increased levels of serine, glycine, sarcosine and aspartate in WB suggest the enhanced usage of 3-phosphoglycerate (an intermediate product of glycolysis) for serine de novo synthesis; oxaloacetate (a TCA cycle intermediate) for
glycine, sarcosine and aspartate metabolism; and 2-oxoglutarate (a TCA cycle intermediate) for glutamate metabolism. The urine excretion of 2-oxoglutarate was lower in CFZ-treated mice, as well as other citric acid cycle intermediates, cis-aconitate and succinate. In addition, intermediate products of essential amino acid degradation, such as 2-oxoisocaproate and 3-OHB, which are produced from the degradation of leucine and valine, respectively, were elevated in the blood of CFZ-treated mice. Overall, the CFZ-induced increase in WB essential and non-essential amino acids, as well as intermediate products of amino acid metabolism implicate an increased requirement for amino acid driven biosynthetic processes such as protein and membrane synthesis that are likely required for the macrophagemediated CFZ sequestration response.
Carnitine utilization
Carnitine, a short-chain keto-acid, that is required for the transport of long-chain fatty acids into the mitochondria 78 , declined in the urine of CFZ-treated mice while WB levels increased (Fig. 4R) . In addition to the known relationship between carnitine and choline 55 , the de novo synthesis of carnitine requires methionine, lysine and ascorbate, which is the primary source of carnitine in mice. Urine methionine and ascorbate declined over time, but WB levels of lysine and methionine were unchanged by CFZ, which suggests that they were retained. 79 Although CFZ treatment caused a significant decline in urine ascorbate, other urine redox analytes including glutathione did not change, suggesting that utilization of ascorbate as an anti-oxidant does not explain this change. As carnitine is essential for fatty acid oxidation, its retention could imply enhanced utilization of fat stores for energy production during CFZ-treatment, via β-oxidation and ketogenesis. This is evidenced by the elevated blood levels of the ketone body 3-OHB, and the lower body weight of CFZ-treated mice compared to control mice at 8 weeks. In aggregate, the CFZ-induced decrease in the urine excretion of methionine, ascorbate and carnitine; and the increase in WB carnitine levels suggest an increased requirement for carnitine that may be linked to increased fat utilization for energy.
Metabolic changes due to CFZ-induced alterations on the gut microbiome
We acknowledge that we cannot completely attribute the found metabolic disruptions to CLDI and granuloma formation. CFZ is an antibiotic and it is well known that antimicrobial disruption of the gut microbiome 61, 80 leads to changes in the metabolome. [56] [57] [58] [59] [60] However, to the best of our knowledge, this is the first report of the pharmacometabolomics of CFZ and there is no evidence that prolonged (8-week) use of an anti-microbial in mice leads to the large and temporal change in energy metabolism that we report here. 81 In our study, urine choline and choline-related metabolites, TMAO, TMA and DMA 55, 82 as well as hippurate, which has been attributed to the gut microbiota, were increased during the first two weeks of CFZ treatment (Fig. 1A-D) , a finding consistent with other antibiotic metabolomics studies. 57, 58, 60, 82, 83 However, after two weeks, the urine levels of choline begin to decline and TMAO, TMA and DMA levels returned to levels similar to sham-treated mice. During subsequent phases (> 2 weeks) of CFZ distribution, urine levels of indoxyl sulfate (Fig.  2E ) 58 progressively increased and WB ethanol was higher in CFZ treated mice than in sham mice (Fig. 5T) . 70 The observed CFZ-induced change in body weight and modest increase in total food consumption likely reflects the overall global shift in energy metabolism in these mice. Importantly, CFZ-induced metabolic changes cannot simply be explained by differences in the amount of food consumed or renal function between drug-and sham-treated animals. For example, even though CFZ-treated mice consumed an average of 0.3 g more chow, which translates to approximately an additional 675μg of choline over the course of the study than sham-treated mice, this neither explains the nearly 95% higher amount of urine choline nor the over 3-fold increase in the median choline concentration in WB. Renal function, as assessed by the calculated urine excretion rate of creatinine, was not different between CFZand sham-treated mice, indicating that the decreased concentrations of urinary metabolites are neither reflective of a general CFZ-induced change in renal function nor indicative of an inherent decline in the levels of metabolites circulating in the blood.
CONCLUSIONS
The combined, complementary NMR metabolomics analysis of WB and urine unveiled a previously unrecognized large and remarkable CFZ-induced change in host energy metabolism. These profound changes accompanied the drug's sequestration and bioaccumulation response by macrophages and granuloma formation in the liver. These findings are consistent with activation of amino acid, nucleotide, glycophospholipid and one-carbon metabolism that occurs during biosynthetic processes indicative of protein synthesis, membrane biogenesis and cell proliferation. There is also a metabolic signature of anti-microbial activity. This study illustrates the informative capacity of NMR metabolomics 84 and how the use of two biofluids can further understanding of the biological action of drugs. 85 It also provides evidence of a profound shift in metabolism that can occur secondary to drug sequestration and bioaccumulation in macrophages that are connected to mechanisms of drug action and pharmacodynamics that were previously unrecognized.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Timeline of clofazimine (CFZ) or sham-diet administration and time points at which mouse weight, water and food consumption were measured, and urine and blood samples were collected for 1 H-NMR metabolomics. Targeted measurement of urine analytes by an HPLC assay were unchanged by clofazimine (CFZ). CFZ ( ) compared with sham-treatment ( ) did not change urine levels of (A) glutamate (KEGG ID: C00217;p=0.7) or (B) aspartate (KEGG ID: C00049;p=0.5). Both glutamate and aspartate are proteinogenic amino acids that were increased by CFZ in the blood (see Fig. 5I and 5J ). Neither urine (C) cystine (KEGG ID: C00491;p=0.5) nor (D) cysteine (KEGG ID: C00097;p=0.13) were changed by CFZ treatment. Also, urine (E) glutathione (KEGG ID: C00051; GSH; p=0.5) the most abundant anti-oxidant in mammals and (F) glutathione disulfide (KEGG ID: C00127; GSSG; p=0.4) were unchanged by CFZ. Notably, blood glutathione was also unchanged by CFZ (see supporting material, data file). The crossbars represent the medians and the error bars, the interquartile ranges, of 6 urine samples/group. Urine analyte p values are those that resulted from a Mann-Whitney test of the μmole data. Data acquired from 18h metabolic cage studies conducted at baseline (pre-treatment) and then at each phase of clofazimine (CFZ; ) distribution included (A) the amount of water (mL) consumed (*p<0.0001) and (B) urine (mL) output (*p=0.009) when compared to sham-treated ( ) mice. Using the amount (μmole) of urine creatinine (KEGG ID: C00791) measured by 1 H-NMR and the corresponding urine volume output (mL), urine creatinine excretion was calculated (C) and was not different between CFZ and sham-treated mice. Food consumed at each time point (D) did not differ between the two groups but the total amount (g) of food consumed was higher in CFZ-treated mice (see text) and CFZ-treated mice did not gain as much body weight (E) as sham-treated mice (*p=0.0002) over the 8-week study. Data are the mean (+SD) of 6 samples per group except for body weight which are 23-24 mice per group. Schematic diagram of the overarching metabolic transformation induced in the 1 H-NMR detected (A) urine and (B) whole blood (WB) metabolomes after 8-weeks of clofazimine (CFZ). The diagram was derived using the compound subnetworks generated by Metscape using the differentiating urine and WB metabolites (FDR < 15%; see Fig. S4 and S5 in supporting information) as well as the calculated CFZ-induced increase in lactate:glucose ratio. The grouping of metabolites illustrates the most profoundly reprogrammed metabolic pathways by macrophage-mediated CFZ sequestration and bioaccumulation in granulomas. 
